Chromatin regulation and BET proteins in transcriptional activity
Cell lineage and response-specific transcription is essential for the biology of the organism. Transcriptional specificity is achieved and regulated mainly by the collaboration of cell autonomous and environmental factors. Terminally differentiated immune cells such as monocytes and macrophages are specialized to quickly respond to external stimuli and to deploy inducible gene expression programs in accordance with the nature of the immunological process. The precision of the transcriptional response to corresponding environmental cues is critical for an effective immune response [1] . Inappropriate gene activation programs result in ineffective immune responses and even exaggeration of autoimmune or inflammatory diseases. A common theme of a specific cellular immune response starts from the engagement of cell surface receptors by their ligands, which triggers a series of intracellular signaling cascades. One consequence of the integrated signaling events is the activation of signal-specific transcriptional regulatory factors that translocate to the nucleus, recognize binding motifs around their target genes and facilitate gene expression, thereby achieving stimulation-specific cellular responses. However, in the nucleus not all target genes are easily accessible because of the complex chromatin structure, which forms another layer of transcriptional regulation by exposing or blocking genes and DNA regulatory elements from the transcriptional machinery. Major mechanisms involved in chromatin structure modulation include DNA methylation, histone modification and ATP-dependent nucleosome remodeling [2] . In addition to the regulation of the proximal promoters, the interaction of gene promoters with distal enhancers is also known as an important cell-type and stimulation-specific mechanism of epigenetic regulation [3] .
Signaling regulation and mechanisms in inflammatory responses have been extensively studied for decades, and more recently research has started to reveal the importance of epigenetic changes in inflammation. One of the first observations was that TLR stimulation results in gene-specific histone modification, which regulates gene expression long after the resolution of infection [4] . Later, in an attempt to find epigenetic signatures to address persisting inflammations, a study on rheumatoid arthritis synovial fibroblasts reported the correlation between decreased DNA methylation and elevated pro-inflammatory chemokine CXCL12 [5] . More recently, the modulation of histone acetylation by the micro-environment has been shown to contribute to prolonged and elevated TLR responses in human monocytes [6] . More comprehensive characterization has confirmed stimulation-specific epigenetic modulation in various types of human macrophage responses [7] .
The implication of epigenetic regulation in gene expression has led to the targeting of transcriptional regulators that function on chromatin levels in the treatment of various diseases [8] [9] [10] . One promising drug target is the bromodomain and extra terminal domain (BET) family proteins (BrdT, Brd2, Brd3 and Brd4), which play important roles in histone acetylation-dependent transcriptional regulation [11] . The tandem bromodomains on BET proteins bind to acetylated lysine on histone H3 and H4. The recruited BET proteins function as anchors for the positive transcription elongation factor b (p-TEFb) [12] , which in turn phosphorylates RNA polymerase II on Ser2 residue, which is necessary for transcription elongation [13] . In addition to recruitment and functioning around on gene promoters, Brd4 is also recruited to subsets of distal enhancers to promote gene transcription [14] . Various BET small molecule inhibitors successfully block BET protein recruitment and BET-mediated transcriptional activity [15] [16] [17] , and the function of these inhibitors has been explored in various disease settings including cancer [4, [18] [19] [20] [21] , autoimmune response [4] , osteoporosis [22, 23] and atherosclerosis [24] . Here we will focus our discussion on how BET inhibition affects inflammatory responses.
BET inhibition in inflammation in mouse models
A study in 2010 first revealed the role of BET in LPS response and evaluated the potency of a competitive BET protein inhibitor I-BET in LPS-induced gene expression [4] . Among hundreds of LPS-induced target genes in mouse bone-marrow derived macrophages (BMDMs), I-BET repressed the transcriptional regulation of a subgroup of these genes, including key LPS-inducible cytokines and chemokines such as IL-6, IFNβ, IL-1β, IL-12α, CXCL9, and CCL12, whereas some other important LPS-induced pro-inflammatory genes such as TNF-α were unaffected. Genome-wide analysis demonstrated LPS-induced BET occupancy around the promoters of I-BET repressible genes, which was diminished by I-BET administration. The potency of I-BET in repressing inflammation in vivo was demonstrated by the rescue of I-BET-treated mice from LPSor Salmonella-triggered systemic inflammation.
The importance of BET proteins for mouse macrophage inflammatory responses was confirmed in another study using a different BET small-molecule inhibitor JQ1 [25] . The study showed that JQ1 interrupted the BRD proteins association with certain inflammatory cytokine gene promoters and blocked pro-inflammatory cytokine expression in vivo and in vitro. Although the earlier study discussed above did not observe an effect of I-BET on TNF expression, JQ1 treatment decreased TNF levels in endotoxemic mice.
Another study investigated the effect of JQ1 on IFN- triggered interferon-stimulated gene (ISG) expression [26] . The study found that IFN- induced recruitment of BRD4 and p-TEFb to ISGs in the murine 3T3 cell line, and that JQ1 treatment blocked ISG transcriptional elongation and repressed both inflammatory and osteoclastogenic gene transcription. The in vivo significance of JQ1 administration was implicated by the decrease of inflammation and bone absorption in a mouse model.
BET inhibition in human inflammatory responses
Although BET inhibitors have been tested in various mouse models, their efficacy in human conditions, outside of human cancer cell line xenografts in mouse models, is less explored [27] . Monocytes and macrophages are immune cells with highly versatile functionality and exhibit a broad spectrum of phenotypes in response to diverse signaling cues. Pro-inflammatory cytokines and TLR ligands drive the classical inflammatory activation in human monocytes and macrophages to promote immune responses [28, 29] , while regulatory cytokines such as IL-4/13 and IL-10 drive monocytes and macrophages to alternative immune-regulatory phenotypes [30] [31] [32] [33] . Considering the pivotal roles of monocytes and macrophages in various physiological activities and the implications of their modulation in clinical environments, recently, Chan et al investigated the effects of I-BET151 administration in various types of activations of human monocytes.
The study first assessed the effect of I-BET151 on the transcriptional activity of the inflammatory chemokines CXCL10 and CXCL11 upon the stimulation of pro-inflammatory cytokine TNF and the TLR ligand LPS. I-BET administration inhibited the induction of these chemokines in a dose dependent manner and resulted in decreased upstream STAT1 activity. In addition, the expression of IFN-, which is induced in TNF and LPS responses and forms an autocrine loop to activate STAT1 and an interferon response [28] , was also blocked by I-BET151. Therefore the authors next investigated the role of I-BET151 in IFN- response and found that I-BET151 inhibited IFN--induced CXCL10 and CXCL11 transcription. In contrast, the JAK-STAT activation remains intact in IFN- response, supporting that I-BET151 interferes with TNF and LPS responses at least in part through blocking IFN- response. I-BET displayed differential inhibition of various target genes in all pro-inflammatory responses investigated. IFN--induced expression of the ISGs IFIT1, IFIT2, STAT1 and IRF1 was much less susceptible to inhibition by I-BET151 than the induction of CXCL10 and CXCL11. In comparison, LPS-and TNF-induced IFIT and IRF gene transcription was effectively repressed by I-BET151, consistent with the hypothesis that blocking IFN- results in global ISG repression. In regard to alternative macrophage responses, I-BET151 inhibited IL-4 and IL-10 responses in gene-specific manners as well. Genes important in IL-10 response such as IL-7R, ABIN3, and ENPP2 were repressed by I-BET151. Interestingly, the expression of SOCS3, and critical regulator in the negative feedback of the JAK-STAT pathway, is unaffected by this inhibitor. In IL-4 response, I-BET151 also exhibited differential inhibition of gene transcription. The inhibited genes included PPARγ, ENPP2, and MS4A4A but not some other genes important for certain biological activities such as JMJD3. Together, these results showed that I-BET151 targeted the transcriptional activity of subgroups of genes in JAK-STAT mediated M1 and M2 activity.
The authors further addressed the mechanism underlying I-BET151-mediated transcriptional inhibition. In previous tumor studies, it has been discovered that I-BET151 and other related inhibitors such as JQ-1 could repress Myc expression. Since Myc is an important transcriptional factor in tumorigenesis, Myc-dependent gene expression was repressed by BET inhibition [34] . However, human macrophages differ from tumor models and suppress target genes independent of Myc, as the blocking of Myc function with a Myc inhibitor did not mimic I-BET151 administration. Furthermore, the block of protein synthesis did not abolish the inhibitory effect of I-BET151. These results suggest that gene transcriptional repression by I-BET151 is not mediated by newly synthesized transcriptional repressors, nor through inhibiting transcriptional regulators that are essential in JAK-STAT mediated gene expression. Thus, I-BET151 is likely to act directly on the target gene loci to inhibit immediate transcriptional activity rather than through indirect mechanisms.
Finally, the authors examined the mechanism by which I-BET151 represses IFN--mediated gene induction at the chromatin level. In line with the earlier result showing that STAT activation was intact with I-BET151 administration, neither STAT2 recruitment nor histone acetylation levels around CXCL10 promoter was affected by I-BET151 in IFN--stimulated monocytes. On the contrary, the recruitment of BRD4 as well as pol II was blocked by I-BET151. This suggests that BET proteins function downstream of STAT recruitment in the assembly and stability of pol II transcriptional complex. Therefore, I-BET151 not only blocks transcriptional elongation, but also transcriptional initiation in this case. In addition, I-BET151 also appeared to interfere with the pol II -enhancer interaction upstream of CXCL10 promoter, thus adding another layer of transcriptional repression.
Conclusions and future directions
The recent study expands our knowledge on the mechanism and effect of BET inhibition in human conditions. The effect of I-BET151 in human macrophage responses suggests that BET inhibition dampens inflammation at least partially through blocking pro-inflammatory cytokine transcription. The study suggests that I-BET151 function downstream of STAT recruitment at the specific gene loci to interfere and repress JAK-STAT target gene activation in human monocyte cytokine responses. The study further demonstrated the transcriptional inhibition occurs in a gene-specific manner, and thus implies greater specificity of BET inhibitors compared to JAK inhibitors in JAK-STAT mediated cytokine responses. The Myc-independent mechanism of I-BET151 inhibition also indicates that this inhibitor functions through different mechanisms depending on the cell type or response, which bears implications on different treatment strategies for different diseases.
For future directions, the study focused on genes known to be important for macrophage functions. Although the regulation of these genes yields valuable information on BET inhibition, the knowledge of how this inhibitor affects cell biology globally in these responses could be more instrumental for therapeutic application. This could be achieved by genome-wide gene expressional profiling using RNAseq. Furthermore, knowledge of the change of BET occupancy by I-BET151 and/or the occupancy of this inhibitor across the whole genome would be valuable for further investigation of the mechanism of this inhibitor. The characterization of the BET and inhibitor genome-wide occupancy would help evaluate the global impact of BET inhibition and its differential effect on transcriptional initiation and transcriptional elongation. Combined with RNAseq data, it would help to further dissect the direct and indirect targets for further construction of regulatory network of the effect of BET inhibition in cytokine responses. Another interesting area to explore is how I-BET151 affects super-enhancer structure. Super-enhancers are large clusters of regulatory regions typically covered by extensive histone acetylation, and have been associated with elevated gene expression in cancer studies [35] . BET inhibitor administration has been shown to repression cancer genes by disturbing super enhancers. It would be interesting to see whether I-BET also disrupt super-enhancers in human monocyte and macrophage responses as a mechanism of gene repression.
